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Objective:We hypothesized that a high-fat (HF) diet aggravates ovariectomy-related complications.
To test this hypothesis, ovariectomized (OVX) mice were fed a HF diet, and we investigated the
lipid metabolism, adipose tissue remodeling, adipokines, and inﬂammatory cytokines.
Methods: To investigate the situation in a mouse model of ovariectomy, OVX and SHAM C57BL/6
mice fed a HF diet (60% fat) or standard chow (SC, 10% fat) were monitored for 18 wk. We evaluated
daily food intake and weekly body weight. Mice were killed at 30 wk of age. Blood samples and
adipose tissue were collected for biochemical, histologic, and molecular analysis.
Results: OVX groups showed atrophied uterus compared to the SHAM groups, ensuring the success
of surgically induced menopause. Despite lower food intake, OVX-HF mice gained about 52% more
weight and had heavier total body fats, especially in relation to ovarian fat pad (372%)da visceral
fat which is associated with increased pathogenicity in obesity, and showed larger adipocytes (30%)
when compared to OVX-SC mice. Biochemical analysis showed that the OVX-HF mice had
increased levels of serum total cholesterol (51%), greater serum triglycerides (158%), lower serum
adiponectin (40%), and higher plasma leptin (323%) than OVX-SC mice. The obese group (OVX-HF)
also had higher IL-6 levels than both SHAM-HF (241%) and OVX-SC mice (870%).
Conclusion: OVX C57BL/6 mice fed HF diet had greater adipose fat pad, larger adipocytes, and
increased inﬂammatory markers, reinforcing the idea that a HF diet aggravates the complications
of ovariectomy-associated inﬂammation.
 2012 Elsevier Inc. Open access under the Elsevier OA license.Introduction
Overweight and obesity are major risk factors for several
chronic diseases, including diabetes, cardiovascular diseases, and
cancer, that are now dramatically on the rise in low- andmiddle-
income countries, particularly in urban settings [1,2]. Obesity is
associated with the excessive increase of visceral adipose tissue,
speciﬁcally in adipocyte size, and highly affects the adipose
tissue functionality [3,4]. White adipose tissue secretes a variety
of proinﬂammatory and antiinﬂammatory factors, including the
adipokines leptin and adiponectin, as well as cytokines, such as
tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) [5]. The
intake of a high-fat (HF) diet can lead to diet-induced obesity and
metabolic disorders in rodents that resemble human metabolic
syndrome [6,7].fax: (þ55.21) 2868-8033.
m-de-Lacerda).
sevier OA license.Menopause is a critical period in a woman’s life, which is
characterized by decreased ovarian hormone production due to
age. Obesity in postmenopausal women has been associatedwith
a range of metabolic disorders that include dyslipidemia, insulin
resistance, hypertension, and an increased risk of cardiovascular
disease [8,9]. Removal of ovarian hormones in mice by ovariec-
tomymimics women inmenopause, increasing the susceptibility
to obesity and its associated comorbidities, in particular, inﬂam-
mation [10,11].
Thus, this study was undertaken to investigate the hypothesis
that both diet-induced obesity and surgical menopause interact
to worsen lipid metabolism, adipose tissue remodeling, adipo-
kines, and inﬂammatory cytokines.
Materials and methods
Animals and experimental design
This studywas performed in accordancewith theguidelines of the “Care andUse
of LaboratoryAnimals” (USNational Institutes ofHealth85-23, revised1996) and the
A. Ludgero-Correia Jr. et al. / Nutrition 28 (2012) 316–323 317handlingandexperimentalprotocolswereapprovedbytheAnimalEthicsCommittee
of the State University of Rio de Janeiro, Rio de Janeiro, Brazil (AEC/007/2010).
Twenty female C57BL/6 mice were kept under standard conditions (12 h
light/dark cycles, 21  2C, humidity 60  10%) and had free access to water and
standard rodent chow (PragSolucoes, Jau SP, Brazil, according to AIN-93G
recommendations) [12]. At 12 wk of age, animals were anesthetized (intraperi-
toneal injection of a 1:1 mixture of ketamine chloride, Dopalen, 50 mg/kg, and
xylazine chloride, Anasedan, 5 mg/kg; Vetbrands, Jacarei SP, Brazil) under aseptic
conditions and underwent ovariectomy surgery (OVX group) or sham surgery
(SHAM group). The surgical procedure was performed by a ventral abdominal
midline small incision. Ovaries were bilaterally clamped and removed by this
incision. Uterine horns were tied and the uterus was left intact. Then, the
abdominal wall was sutured. After surgery, mice were maintained under good
conditions to recover. In the sham procedure, animals were anesthetized and the
abdominal wall was opened in a similar manner to that used for the OVX mice;
the ovaries were exteriorized to create similar stress, but they were not removed
[13]. Cytologic examination of vaginal smears was performed twice during the
experiment: after a 2-wk resting period to verify surgical-induced menopause,
and on the eve of the killing period to make sure that all animals were being
killed at the same stage of the estrous cycle. Uterine mass was also measured
after euthanasia to ensure the success of the ovariectomy.
After a 1-wk resting period, each group (SHAM and OVX) was rerandomized
into two new groups based on the type of diet offered: mice fed the standard
chow (SC), SHAM-SC (n ¼ 5) and OVX-SC (n ¼ 5) groups, and mice fed high-fat
chow (HF), SHAM-HF (n ¼ 5), and OVX-HF (n ¼ 5) groups. Diets were
produced by PragSolucoes (www.pragsolucoes.com.br), in accordance with AIN-
93M recommendations [12]. The diets’ compositions are detailed in Table 1; the
mineral and vitamin contents of both diets were identical.
Each mouse was labeled and weighed weekly during the experimental
period (18 wk). Food intake was measured daily. Fresh chow was provided daily
and any remaining chow from the previous daywas weighed and discarded. Food
consumption was determined as the difference between the food supplied and
the amount of food left in the grid. Energy intake was the product of the food
consumption (g) by the diet energy (kcal). Feed efﬁciency was determined as
a percentage of the ratio between the body mass gain (g) and the energy
consumed (kcal) per animal, after 18 wk on the respective diet.
At 30 wk of age, animals were food-deprived for 6 h and then deeply anes-
thetized (intraperitoneal sodium pentobarbital, 150 mg/kg), and blood samples
were obtained by cardiac puncture for further analyses. Fat depots were carefully
dissected, weighed, and instantly ﬁxed (freshly prepared formaldehyde 4% [wt/
vol] in 0.1 M phosphate buffer, pH 7.2 for 48 h). The retroperitoneal fat pad was
the distinct deposit around each kidney along the lumbar muscles; the ovarian
fat pad was the fat surrounding bladder, uterus, and ovaries, and the inguinal fat
pad was the two superﬁcial depots underneath the skin and anterior to the upper
segment of the hind limbs.
The liver was also dissected; the volumewasmeasured by ﬂuid displacement
(isotonic saline) and then instantly ﬁxed (freshly prepared formaldehyde 4% wt/
vol in 0.1 M phosphate buffer, pH 7.2 for 48 h).
Biochemical analyses
Serum was obtained by centrifugation (12  g for 15 min) at room temper-
ature. Total cholesterol (TC) and triglycerides (TG) were determined byTable 1
Composition of the experimental diets (vitamin mix and mineral mix are in
accordance with the AIN-93 guidelines)
Content (g/kg) Diets
SC HF
Casein (85% protein) 140.0 190.0
Cornstarch 620.7 250.7
Sucrose 100.0 100.0
Soybean oil 40.0 40.0
Lard d 320.0
Fiber 50.0 50.0
Vitamin mix 10.0 10.0
Mineral mix 35.0 35.0
L-Cystin 1.8 1.8
Choline 2.5 2.5
Antioxidant 0.008 0.008
Total grams 1000 1000
Energy content (kcal/kg) 3573 5404
Carbohydrates (%) 76 26
Protein (%) 14 14
Lipids (%) 10 60colorimetric assay in a Semiautomatic biochemistry analyzer (Bioclin Systems II
Quibasa, Belo Horizonte MG, Brazil). Serum levels of cytokines and adipokines
were determined using the Multiplex Immunoassay Technology Xmap according
to manufacturer recommendations (Milliplex mouse adiponectin and mouse
cytokine/chemokine panel, 4 Plex; Millipore, St Quentin en Yveline, France).
Adipocyte morphometry
After the ﬁxation of the adipose tissue described before, ovarian fat pads
were embedded in Paraplast plus (Sigma-Aldrich Co., St. Louis, MO, USA),
sectioned (5 mm thickness), and stained with hematoxylin-eosin. Digital images
were acquired randomly (50 adipocytes/animal, TIFF format, 36-bit color, 1280 
1024 pixels, LC Evolution camera coupled to an Olympus BX51 microscope with
a 40 objective) and analyzed with the software Image-Pro Plus version 7.0
(Media Cybernetics, Silver Spring, MD, USA). The major and minor adipocyte
diameters were measured to determine the mean diameter of adipocytes.
Extraction of proteins and Western blotting
Ovarian adipose tissue not used in microscopy was frozen and homogenized
in lysis buffer and supplemented with a protease inhibitor cocktail. The tissue
homogenates were centrifuged at 3000  g for 20 min twice at 4C, and the
supernatants were used for Western blotting analysis. Brieﬂy, protein concen-
trations were determined using the BCA Protein Assay kit (Thermo Scientiﬁc
#23225, Rockford, IL, USA). Ten micrograms of protein extract was loaded onto
a 10% polyacrylamide gel (Amersham Bio Science, Piscataway, NJ, USA) and
separated proteins were transferred to a nitrocellulose membrane (Amersham
Hybond-P, GE Healthcare, Little Chalfont, Buckinghamshire, UK). Themembranes
were blocked for 1 h 30min at room temperaturewith 5% non-fat drymilk in Tris-
buffered saline (TBS) (Amersham Bio Science) containing 0.05% Tween-20 (Bio
Rad)–T-TBS buffer. Then, the membranes were incubated overnight at 4C with
TNF-a (goat, polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and IL-6
(rabbit, polyclonal; Santa Cruz Biotechnology) at 1:1000 dilution. Anti-b-actin
(mouse, monoclonal, Santa Cruz Biotechnology) at 1:1000 dilution was used as
a loading control. After incubation, the membranes were washed with T-TBS and
then incubated with peroxidase-conjugated secondary antibodies (anti-goat at
1:10 000 dilution for TNF-a, anti-rabbit at 1:10 000 dilution for IL-6, and 1:10 000
dilution for b-actin). Visualization was performed using the ECL kit according to
the manufacturer’s protocol (GE Healthcare Bio-Sciences Little Chalfont,
Buckinghamshire, UK), followed by autoradiography using enhanced chem-
iluminescence detection reagents supplied by Amersham. Bandswere scanned in
a computer and their relative intensities were determined by densitometry using
the Image J software (NIH, Wayne Rasband, USA).
Liver histology
Fragments of liver’s lobules were embedded in Paraplast plus (Sigma-
Aldrich) and then exhaustively sectioned at 5 mm thick and stained with
hematoxylin-eosin. Tissue images were acquired with a LC Evolution camera
coupled to an Olympus BX51 light microscope.
Statistical analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA)
and post-hoc test of Tukey. A two-way ANOVA test was used to evaluate the
interaction between diets and ovariectomy (GraphPad Prism 5.03; GraphPad
Software, La Jolla, CA, USA). All results are means  SEM. Values of P < 0.05 were
considered signiﬁcant.
Results
Surgery-induced menopause
As conﬁrmation of successful surgically induced menopause,
the vaginal cytology and uterine mass were analyzed. SHAM
mice were cycling normally, whereas in OVX mice, the vaginal
smears showed the predominance of leukocytes, characterizing
the diestro stage of the rodent’s estrous cycle, and the uterine
mass was decreased, characterizing uterus atrophy (Table 2).
Body mass, food intake, and feed efﬁciency
As shown in Figure 1, the susceptibility to weight gain by HF
diet is well characterized in OVX-HF mice. At the end of the
Table 2
Biometric data of experimental groups
Parameter Groups
SHAM-SC SHAM-HF OVX-SC OVX-HF
Uterine mass (g) 0.08  0.00 0.09  0.01 0.02  0.01a 0.02  0.00a,b
Body mass (g) at 18th wk 21.73  0.26 22.97  0.58 23.66  0.50 29.68  1.22a,b,c
Liver mass: TL (g/cm) 0.51  0.01 0.56  0.01 0.57  0.02 0.59  0.02
Food intake (g)/d/mouse 2.27  0.03 1.94  0.04a 2.21  0.04 1.89  0.04c
Energy intake (g)/d/mouse 8.63  0.13 10.46  0.21a 8.41  0.17 10.22  0.24c
Feed efﬁciency (a.u.) 0.24  0.10 0.39  0.10 0.26  0.15 0.82  0.19a,c
Where indicated, P  0.05, using one-way ANOVA and post-hoc test of Tukey, a, when compared with SHAM-SC group, b, when compared with SHAM-HF group, or
c, when compared with OVX-SC group
a.u., arbitrary units; HF, high-fat diet; OVX, ovariectomized animals; SC, standard chow; TL, tibia length (n ¼ 5 each group, mean and SEM)
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higher than SHAM-SC (P < 0.0001), 30% higher than SHAM-HF
(P < 0.0001), and 25% higher than OVX-SC mice (P < 0.0001)
(Table 2).
The daily food intake of SHAM-HF and OVX-HF mice was
signiﬁcantly lower in comparison with their SC-matched groups
(less 15% in SHAM-SC versus SHAM-HF, P < 0.0001; and less 14%
in OVX-SC versus OVX-HF, P < 0.0001). However, the daily
energy intake was signiﬁcantly higher in SHAM-HF and OVX-HF
mice than in SHAM-SC and OVX-SC mice (more 21%, P < 0.0001)
due to the higher energy content in the HF diet (5.4 kcal/g) in
comparison with the SC diet (3.8 kcal/g). As conﬁrmation of HF-
induced obesity only in OVX mice, the feed efﬁciency was
signiﬁcantly higher in OVX-HF mice (P < 0.05) (Table 2).
Adipose tissue and liver
The pattern of fat accumulation is showed in the Figure 2. The
visceral fat (ovarian and retroperitoneal fat pads) and theFig. 1. Evolution of the body mass. Groups: SHAM-SC, sham-operated mice fed
standard chow; SHAM-HF, sham-operated mice fed a HF diet; OVX-SC, ovariec-
tomy-operated mice fed standard chow; OVX-HF, ovariectomy-operated mice fed
a HF diet. Arrows indicate the extension in weeks and between which groups the
differences occurred. The short arrow means a signiﬁcant difference between the
OVX mice and SHAM mice, from the ﬁrst week until the fourth week of the
experiment. The long arrow means a signiﬁcant difference between the OVX-HF
mice and the other groups, from the ﬁrst week until the end of the experiment.
Values are given as mean  SEM of ﬁve animals.subcutaneous fat (inguinal fat pad) varied with a parallel pattern
of fat distribution in the SHAM-SC, SHAM-HF, and OVX-SC
groups. However, the OVX-HF group showed the most differ-
ence in pattern of fat accumulation. There was a reduction in
relative mass of retroperitoneal fat and an increase in relative
mass of inguinal fat, whereas no change has been observed in the
relative mass of ovarian fat. The total fat mass increased in OVX-
HFmicewhen comparedwithmice from other groups, as follows
(one-way ANOVA and post-hoc test of Tukey, P < 0.001): 1) the
retroperitoneal fat mass was 145% greater than in the SHAM-SC
group and 190% greater than in the OVX-SC group; 2) the ovarian
fat mass was 413% greater than in the SHAM-SC group, 226%
greater than in the SHAM-HF group, and 425% greater than in the
OVX-SC group; 3) the inguinal fat mass was 639% greater than in
the SHAM-SC group, 340% greater than in the SHAM-HF group,
and 745% greater than in the OVX-SC group.
There was a signiﬁcant increase of mean adipocyte diameter
in ovarian adipose tissue samples inmice fed a HF diet. Themean
diameter of adipocytes in SHAM-HF was 21% greater than inFig. 2. Animal body fat distribution (g) and the respective fat pad increase (%).
Groups: SHAM-SC, sham-operated mice fed standard chow; SHAM-HF, sham-
operated mice fed a HF diet; OVX-SC, ovariectomy-operated mice fed standard
chow; OVX-HF, ovariectomy-operated mice fed a HF diet. Values are given as
mean  SEM of ﬁve animals.
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increase the adipocyte diameter in OVX-SC relative to SHAM-SC
mice (þ26%, P < 0.0001). Moreover, the association of ovar-
iectomy with a HF diet increased the adipocyte diameter in OVX-
HF signiﬁcantly in comparison with SHAM-HF mice (þ37%, P <
0.0001). In OVX-HF the presence of an inﬂammatory inﬁltrate
was observed (Fig. 3A and 3B).
Although we found no differences in liver mass among the
experimental groups (Table 2), the histologic analyses showed
differences in the tissue structure. SC groups had a well-
organized liver structure with a few microvesicular steatosis,
whereas the HF groups presented both macro- and micro-
vesicular steatosis. The group OVX-HF presented the worst tissueFig. 3. (A) Adipocyte mean diameter. Groups: SHAM-SC, sham-operated mice fed stan
operated mice fed standard chow; OVX-HF, ovariectomy-operated mice fed a HF diet. Sy
SHAM-HF group; (c) versus OVX-SC group. Values are given as mean  SEM of ﬁve anima
presence of inﬂammatory inﬁltrate in OVX-HF group.structure, with much more lipid droplets within the hepatocytes
(Fig. 4).
Lipid proﬁle
TC levelswerehigher inmice fedaHFdietwhencomparedwith
mice fedaSCdiet inbothSHAMandOVXgroups (Fig.5). TheTCwas
46% higher in SHAM-HF mice than in SHAM-SCmice (P< 0.0001)
and 51% higher in OVX-HFmice than in OVX-SCmice (P< 0.0001).
The ovariectomywasalso able to increase the TC inOVX-SCmice in
comparison to SHAM-SC mice (þ41%, P < 0.0001) and the associ-
ation of ovariectomyandHFdiet aggravated the increment of TC in
OVX-HFmice in comparison to SHAM-HFmice (þ47%, P< 0.0001).dard chow; SHAM-HF, sham-operated mice fed a HF diet; OVX-SC, ovariectomy-
mbols mean signiﬁcant difference (P < 0.05): (a) versus SHAM-SC group; (b) versus
ls. (B) Light micrographs show adipocytes in the ovarian fat pad. Arrow indicates the
Fig. 4. Hematoxylin and eosin-stained photomicrographs showing the liver of standard chow-fed mice, SHAM-SC (A) and OVX-SC mice (B) the liver of SHAM-HF mice with
microvesicular steatosis (C) and the obese OVX-HF liver with both macro- and microvesicular steatosis (D).
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ectomy and a HF diet was able to increase the TG in OVX-HF in
comparison with OVX-SC mice (þ159%, P < 0.0001) and in
comparisonwith SHAM-HF mice (þ79%, P < 0.05) (Fig. 6).
Circulating adipokines and cytokine
Adiponectin levels were signiﬁcantly higher in OVX-SC mice
compared to SHAM-SC mice (þ48%, P < 0.0001) and comparedFig. 5. Serum levels of total cholesterol. Groups: SHAM-SC, sham-operated mice fed
standard chow; SHAM-HF, sham-operated mice fed a HF diet; OVX-SC, ovariec-
tomy-operated mice fed standard chow; OVX-HF, ovariectomy-operated mice fed
a HF diet. Symbols mean signiﬁcant difference (P < 0.05): (a) versus SHAM-SC
group; (b) versus SHAM-HF group; (c) versus OVX-SC group. Values are given as
mean  SEM of ﬁve animals.to OVX-HF mice (þ40%, P < 0.001). The association of ovari-
ectomy with HF diet aggravated the increase of serum leptin
levels in OVX-HF mice in relation to OVX-SC mice (þ324%, P <
0.005). TNF-a and IL-6 were evaluated, as was the adipose
tissue pattern of accumulation. Both pro-inﬂammatory cyto-
kines increased with a HF diet. However, the increase of TNF-
a was not statistically signiﬁcant. IL-6 was markedly higher in
OVX-HF mice than in SHAM-HF mice (þ241%, P < 0.001) and in
OVX-SC mice (þ870%, P < 0.0001) (Table 3).Fig. 6. Serum levels of triglycerides. Groups: SHAM-SC, sham-operated mice fed
standard chow; SHAM-HF, sham-operated mice fed a HF diet; OVX-SC, ovariec-
tomy-operated mice fed standard chow; OVX-HF, ovariectomy-operated mice fed
a HF diet. Symbols mean signiﬁcant difference (P < 0.05): (a) versus SHAM-SC
group; (b) versus SHAM-HF group; (c) versus OVX-SC group. Values are given as
mean  SEM of ﬁve animals.
Table 3
Blood biochemistry
Data Groups
SHAM-SC SHAM-HF OVX-SC OVX-HF
Adiponectin (mm/mL) 16.39  0.83 16.81  1.41 24.27  0.92a,b 17.33  0.76
Leptin (ng/mL) 0.51  0.08 1.26  0.27 0.71  0.27 3.01  1.0a,c
TNF-a (pg/mL) 5.78  0.48 7.55  1.06 6.15  0.67 6.77  2.05
IL-6 (pg/mL) 18.64  6.81 66.33  27.93 23.32  10.78 226.20  49.57a,b,c
Where indicated, P  0.05, using one-way ANOVA and post-hoc test of Tukey, a, when compared with SHAM-SC group, b, when compared with SHAM-HF group, or
c, when compared with the OVX-SC group
HF, high-fat diet; OVX, ovariectomized animals; SC, standard chow (n ¼ 5 each group, mean and SEM)
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The expressions of TNF-a and IL-6 in the ovarian adipose
tissue were evaluated by Western blotting (Fig. 7). The results
showed that ovariectomy associated with a HF diet led to
a signiﬁcant increase in the relative quantity of TNF-a in
comparison to OVX-SC (þ214%, P < 0.05) and SHAM-HF (þ167%,
P < 0.05). In relation to IL-6 protein expression, OVX-HF mice
showed an increase of 110% when compared to OVX-SC mice
(P < 0.05) and 90% more than SHAM-HF mice (P < 0.05).
Interaction between diet and ovariectomy
Both the HF diet and the ovariectomy, alone or combined,
changed the bodymass, ovarian fatmass, adipocyte diameter, TC,
adiponectin, serum IL-6 levels, and TNF-a protein expression.
The tissue expression of IL-6 was inﬂuenced by both ovariectomy
and HF diet, by themselves, but not by their interaction. Ovari-
ectomy alone altered the uterine mass, whereas the HF diet
alone altered the leptin level. HF diet alone, as well as when
combined with ovariectomy, signiﬁcantly altered the levels of
TG. However, the effects of ovariectomy alone were not signiﬁ-
cant (Table 4).
Discussion
In the present study, we assessed the effects of the association
of a HF diet and ovariectomy on biometric, metabolic, and
morphologic parameters in female C57BL/6 mice. The major
ﬁndings are that a HF diet aggravates the effect of ovariectomy in
mice, leads to profound metabolic changes, including increased
body mass and fat pad accumulation that characterizes obesity,
dyslipidemia, adipose tissue remodeling showing increased
adipocyte size, and increased inﬂammatory markers (circulatingFig. 7. Western blotting analysis for TNF-a protein level (A) and IL-6 protein level (B) i
chow; SHAM-HF, sham-operated mice fed a HF diet; OVX-SC, ovariectomy-operated mi
mean signiﬁcant difference (P < 0.05): (a) versus SHAM-SC group; (b) versus SHAM-HFand protein expression), characterizing obesity-associated
inﬂammation.
The C57BL/6J-inbred mice strain is more likely to develop
obesity [14]. These mice develop metabolic alterations that
closely delineate the human metabolic syndrome such as dysli-
pidemia, obesity, and inﬂammation [7,15]. However, data about
an experimental model of menopause plus diet-induced obesity
in mice are limited in the literature.
It is suggested thatovariectomy increases their susceptibility to
becomeobese, because they aremore prone to accumulate fat due
to the lack of hormonal protection [10]. In the present study,
ovariectomy alone did not lead to obesity. Although there was
a body mass gain in OVX-SC compared with the SHAM-SC group
(by Student’s t test) at the end of the experimental period, there
was no excessive fat mass accumulation in the OVX-SC mice; in
addition, no difference in body fat mass was observed between
OVX-SC and SHAM-SC groups. Recently, Rogers and coworkers
[16] showed that ovariectomy inmice leads to increased adiposity,
adipocyte hypertrophy, adipose tissue inﬂammation, and hepatic
steatosis. These authors suggest that OVX mice will display
a compromised homeostatic response to metabolic challenge,
such as a HF diet, which predisposes them to the development of
obesity and insulin resistance. Our study showed that OVX asso-
ciated with a HF diet, in mice, aggravates the complications of
ovariectomy-associated inﬂammation. Studies have reported that
C57BL/6 mice develop obesity, insulin resistance, diabetes melli-
tus, hypertriglyceridemia [17,18], andadvanced fatty liverand fatty
pancreatic diseases when fed a HF diet (rich in saturated fat) [14],
and the diseases they develop closely resemble common forms of
the human diseases after developing obesity [19,20].
Furthermore, we observed that the association of ovariec-
tomy with HF diet intake led to a signiﬁcant accumulation of
body fat, even when compared to SHAM mice fed a HF diet. This
fact strongly suggests that the control females (micewith normaln the ovarian adipose tissue. Groups: SHAM-SC, sham-operated mice fed standard
ce fed standard chow; OVX-HF, ovariectomy-operated mice fed a HF diet. Symbols
group; (c) versus OVX-SC group. Values are given as mean  SEM of ﬁve animals.
Table 4
Two-way ANOVA analyzing the weight and the interaction between the ovari-
ectomy and the high-fat diet in the biometrical and biochemical data
Parameter Ovariectomy High-fat diet Interaction
% P % P % P
Uterine mass 85.4 0.0001 0.6 NS 0.0 NS
Body mass 40.4 0.0001 28.5 0.0001 12.4 0.001
Ovarian fat mass 3.05 0.0001 30.5 0.0001 20.6 0.0001
Adipocyte diameter 5.2 0.0001 59.0 0.0001 35.5 0.0001
Total cholesterol 43.8 0.0001 50.9 0.0001 2.6 0.001
Triglycerides 9.9 NS 35.2 0.001 12.6 <0.05
Serum adiponection 3.02 0.0001 18.2 0.001 23.2 0.001
Serum leptin 11.0 NS 26.9 0.05 6.9 Ns
Serum IL-6 16.1 <0.05 37.3 0.0001 14.3 <0.05
Serum TNF-a 0.2 NS 5.6 NS 1.3 NS
TNF-a protein
expression
17.48 <0.05 24.53 0.001 14.40 <0.05
IL-6 protein
expression
15.47 <0.05 21.71 <0.05 10.29 NS
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a HF diet. On the other hand, ovariectomy (removal of the ovaries
and consequent decrease of sex hormones) seems to remove this
protective factor, leading to greater weight gain when females
are fed a HF diet. In addition, the evaluation of feed efﬁciency of
the OVX-HF group reinforces these ﬁndings, since they showed
higher body mass due to the conversion of energy consumption
into weight gain. This weight gain was mainly due to the
excessive adipose tissue accumulation. In a study using OVX
mice, the authors concluded that ovariectomy alters peroxisome
proliferator-activated receptor (PPAR) d- and forkhead tran-
scription factor (Fox) O1-related gene expression in skeletal
muscle. These results may help explain the increase in adiposity
and comorbidities related to menopause [21]. Thus, care must be
taken because the alterations in menopause were worsened
by diet-induced body fat accumulation, compared to non-
menopause female mice.
In a menopausal woman, there is a shift in body fat distri-
bution from gynoid toward android, which is associated with
a higher cardiovascular risk [22,23]. As observed in the present
ﬁndings, the simple ovariectomy in mice did not change the fat
distribution, but ovariectomy in addition to a HF diet made
a signiﬁcant alteration in fat distribution, reducing the relative
retroperitoneal fat mass (a visceral fat pad in the mice) and
increasing the relative inguinal fat mass (a subcutaneous fat pad
in the mice). The ovarian fat pad (another part of the visceral fat
pad in the mice) had no relative alteration among the groups. It
occurs differently to what occurs in postmenopausal women,
since, with aging, the effects of menopause lead to an increase in
total body fat by promoting central body fat distribution [24].
However, the fat redistribution in older women can signiﬁcantly
increase the total abdominal fat content despite no change in
total body mass or waist circumference [25]. This study has
shown for the ﬁrst time to our knowledge the pattern of fat
redistribution in OVX mice fed a HF diet. These data suggest that
alterations in the pattern of fat distribution are an attempt to
adapt to the large amount of lipids ingested in the diet.
The adipocyte morphology and size, as well as the carbohy-
drate metabolism, is greatly altered when using animal-derived
HF diets [18]. Likely, the increase in white adipose tissue mass
in obesity is associated with histologic and biochemical changes,
characteristic of inﬂammation [26]. Most authors report
increased visceral adipocyte size, hypertriglyceridemia, and data
on total cholesterol levels under HF diets after the induction ofhypercholesterolemia by the addition of cholesterol in the diet
[6]. Consistent with these statements, mice fed a HF diet in the
present study showed increased adipocyte size, TG, and TC levels
in comparison to their control groups. Ovariectomy alone was
able to remodel the adipose tissue and increase the size of
adipocytes, as observed in the OVX-SC group. Additionally, we
demonstrate that compared with both SHAM groups, OVX-HF
mice displayed a large ovarian adipocyte, resulting in greater
adipocyte hypertrophy. The bigger the adipocyte, the worse is
the proﬁle of cytokines. This is important because adipose tissue
secretes several adipocytokines, such as leptin, adiponectin,
TNF-a, and IL-6, which are involved in lipid metabolism and
inﬂammation [26]. We have focused on the analysis of the
ovarian fat pad, because, in general, the visceral fat of human and
rodents is more associated with the increased pathogenicity in
obesity (such as inﬂammatory and metabolic complications)
than subcutaneous fat [27]. It would be important to know how
the different adipose tissues behave as to this important
parameter. This aspect deserves more discussion.
The obese state is characterized by the decrease of the anti-
inﬂammatory adiponectin and the increase of proinﬂammatory
leptin, IL-6, and TNF-a. The link between adipokines and
inﬂammation has received much attention. Both adipokines are
involved in the modulation of inﬂammation. However, the
mechanism of regulation remains unclear [5]. In the present
study, the OVX-SC mice showed a higher concentration of adi-
ponectin in comparison to SHAM-SC mice. This ﬁnding agrees
with previous studies, in animals and in humans, that found
a higher concentration of adiponectin in OVX friend leukemia
virus B strain (FVB) mice relative to the non-OVX controls [28],
and as well as in postmenopausal women relative to premeno-
pausal women [29]. Moreover, estrogen appears to down-
regulate adiponectin levels [30]. Therefore, the mechanisms
involved in regulation of adiponectin by estrogen are not clear.
On the other hand, OVX-HF mice showed signiﬁcantly lower
concentrations of adiponectin than its OVX-matched group,
corroborating the literature, which states that the concentrations
of adiponectin are inversely related to abdominal obesity [31].
Increased adipose tissue is associated with low-grade chronic
inﬂammation and proinﬂammatory factors, which inhibit adi-
ponectin production, leading to the perpetuation of inﬂamma-
tion [32]. This may be due to TNF-a, a cytokine that is elevated in
inﬂammation, which negatively regulates the production of
adiponectin [33]. The OVX-HF mice showed the highest
concentration of serum leptin in agreement with the positive
correlation between adipose tissue mass and circulating leptin
levels found in premenopausal and postmenopausal women
[33]. Leptin levels tend to be elevated in dietary obese rodents [6]
and it is commonly understood that leptin exerts a proin-
ﬂammatory role in the modulation of inﬂammation [5].
The inﬂammatory markers are directly related to inﬂamma-
tion in obesity [34]. In relation to circulating cytokines, the
groups fed a HF diet showed increased serum levels of TNF-a and
IL-6 compared to those that were fed standard chow. The OVX-
HF mice had a signiﬁcant increase in the levels of IL-6; never-
theless, this increase was not statistically signiﬁcant in the levels
of TNF-a. The ﬁndings in the serum analysis are consistent with
those found in protein expression. We showed that in the OVX-
HF group, TNF-a protein levels, as well as those of IL-6, were
signiﬁcantly increased, agreeing with the up-regulation of
inﬂammatory mediators reported by a study with OVX C57BL/6J
mice with increased adiposity [16]. Moreover, a large amount of
macrophages was found among the adipocytes of these animals,
reinforcing the idea of inﬂammation. This usually occurs after the
A. Ludgero-Correia Jr. et al. / Nutrition 28 (2012) 316–323 323rupture of the adipocytes (death) due to a great cell enlargement
by increased storage of TG. The storage capacity of adipocytes
depends on the expansion of the adipose tissue [35]. The bigger
the adipocyte, the higher is the probability of rupture. Hence,
macrophages are recruited and aggregated in a crownlike
structure to eliminate the cell contents that are released into the
extracellular space [36,37].
The present work also studied the power of the HF diet and the
ovariectomy alone, or their interactions on the ﬁndings by running
a two-wayANOVAanalysis. HFdiet andovariectomy, aswell as their
interaction, exerted a signiﬁcant effect on the development of dys-
lipidemia, obesity, and inﬂammation. However, the HF diet had
amajor inﬂuence on the development of dyslipidemia and the pro-
inﬂammation state, whereas the ovariectomy exerted a major
inﬂuence on obesity induction in the OVX-HF females. These
changes closely delineated the spectrum of some components of
humanmetabolic syndrome. It is signiﬁcant to say that obese older
womenwith themetabolic syndrome show low leanmass and high
visceral fat, and the severity of metabolic syndrome is associated
with body composition, visceral adiposity, and inﬂammation [8].
The key elements involved in the management of metabolic
syndrome aremodiﬁcations in diet and lifestyle. The treatment can
also include, among others, the control of cardiac risk factors using
antihypertensive and lipid controllers agents [38].
Conclusions
The present ﬁndings support the idea that the combination of
ovariectomy with a HF diet in C57BL/6 mice leads to increased
adiposity; adipose tissue redistribution and remodeling, with
greater adipocytes size; dyslipidemia showing high serum total
cholesterol and triglycerides; increased proinﬂammatory adi-
pocytokines and decreased anti-inﬂammatory adipokine, char-
acterizing the inﬂammatory state.
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